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1. SUMMARY 
Hydrocolloids are composed of groups of repeating molecules forming polymers. These 
hydrocolloids have the ability to hydrate and retain much water by formation of hydrogen bonds. 
This water retention capacity gives the functional properties that contribute to the stability and 
improvement of the sensory characteristics of a product, which has had a major impact on the 
food industry. In this work, it has been used iota carrageenan, a hydrocolloid extracted from red 
algae with thickening and gelling properties. Depending on the structure and physicochemical 
properties, iota carrageenan has the ability to bind calcium ions to form elastic gels. 
The main aim of this work is the preparation and characterization of iota carrageenan 
spheres gelled by calcium ions. In order to study the texture of the spheres, an instrumental 
method that follows the principles of texture profile analysis (TPA) has been developed. This 
provides information on various parameters that describe the texture of the iota carrageenan 
spheres. Since gelation of these spheres has many variables to consider, in this work have 
been set and only have studied the influence of calcium and influence of iota carrageenan. 
Lastly, rheological tests of gels have been conducted in order to obtain a correlation with the 
texture of the spheres. 
To develop the instrumental method, the experimental conditions affecting the test were 
studied and the conditions that made the results became reliable and reproducible were fixed. 
With the instrumental method developed, the influence of calcium in the spheres was studied 
and it was determined that at a certain concentration, textural parameters did not increase, ie, 
there was a calcium saturation in the spheres. Likewise, the influence of iota carrageenan was 
studied and it was found that increasing the iota carrageenan concentration increases the 
hardness of the spheres. As for the other textural parameters, it seems that they not depend on 
the influence of calcium or iota carrageenan. 
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Finally, with the rheological study of the gels with identical iota carrageenan concentrations 
as the spheres, it was possible to state that there is a certain correlation. The hardness of the 
spheres increases when the elastic behavior of the gel increases.  
 
Keywords: Iota-carrageenan, gelled spheres, iota-carragenan spheres
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2. RESUMEN 
Los hidrocoloides están compuestos por grupos de moléculas que se repiten formando 
polímeros. Estos hidrocoloides tienen la capacidad de hidratarse y retener mucha agua por 
formación de puentes de hidrógeno. Esta capacidad de retención de agua otorga las 
propiedades funcionales que contribuyen a la estabilidad y mejora de las características 
sensoriales de un producto, lo cual ha tenido un gran impacto en la industria alimentaria. En 
este trabajo se ha utilizado el iota carragenato, un hidrocoloide extraído de las algas rojas con 
propiedades espesantes y gelificantes.  En función a la estructura y propiedades físico-
químicas, el iota carragenato tiene la capacidad de enlazarse con iones de calcio y formar 
geles elásticos. 
El objetivo de este trabajo es obtener esferas de iota carragenato gelificadas y desarrollar 
un método que nos permita describir la textura de éstas. Para el estudio de la  textura se ha 
desarrollado un método instrumental que sigue los principios del análisis del perfil de textura 
(TPA). El cual nos da información de diversos parámetros que nos describen la textura de las 
esferas de iota. Dado que la gelificación de estas esferas tiene muchas variables a estudiar, en 
este trabajo se han fijado, y solo se han estudiado la influencia del calcio y la influencia del iota 
carragenato. Por último, se han realizado ensayos reológicos con el fin de obtener una 
correlación con la textura de las esferas.  
Para el desarrollo del método instrumental, se estudiaron las condiciones experimentales 
que afectaban al ensayo y se fijaron aquellas que hacían que los resultados fuesen fiables y 
reproducibles. Con el método instrumental desarrollado, se estudió la influencia del calcio en 
las esferas y se pudo determinar que a partir de cierta concentración, los parámetros texturales 
no aumentaban, es decir, había una saturación calcio en las esferas. De la misma forma, se 
estudió la influencia del iota carragenato y se determinó que a mayor concentración de iota 
carragenato las esferas eran más duras. En cuanto a los otros parámetros texturales, parecen 
no depender de la influencia del calcio ni del iota carragenato. 
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Finalmente, con el estudio reológico de los geles con concentraciones de iota carragenato 
idénticas a las esferas, se pudo obtener cierta relación. Cuanto mayor es el comportamiento 
elástico del gel, parece ser que las esferas son más duras.  
 
Palabras clave: Iota-carragenato, esferas gelificadas, esferas de iota-carragenato.
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3. INTRODUCTION 
In the food industry, consumers have always felt the need for foods with better texture, taste 
and organoleptic properties. To achieve this objective, a large number of additives were used to 
improve the features and properties of the food. Those additives can be divided into six major 
categories: preservatives, nutritional additives, flavouring agents, colouring agents, texturizing 
agents and miscellaneous additives (Larry, A and Haggerty, R. J., 2005).  
As far as texturizing agents are concerned, more than 700 of these substances are used as 
texturizers, thickeners, viscosity modifiers, bodying agents, gelling agents, stiffening agents and 
emulsifier agents (Bourne, M. C., 2002). These agents enable the development of products 
with the desired texture.  
Actually, hydrocolloids have a big impact in the food industry for their acting as texturizing 
agents. They can be used as rheology modifiers or gelly agents. These substances are 
heterogeneous groups of long chain polymers that are characterised by the property of forming 
viscous dispersions and/or gels when dispersed in water. Some of them require the addition of a 
third component, for example, Ca2+, or a change in pH, in order to induce gelation (Mei Li, J. 
and Ping Nie, S., 2015). The commercially important biocompatible hydrocolloids and their 
origins are given in table 1 (Williams, P. A. and Phillips, G. O., 2009). 
 
ORIGIN HYDROCOLLOID 
Botanical Plants Starch, pectin, cellulose 
Tree gum exudates Gum arabic, gum karaya, gum ghatti 
Seeds Guar gum, locust bean gum 
Algal 
Red Seaweeds Carrageenan, agar 
Brown Seaweeds Alginate 
Microbial Xanthan gum, gellan gum, 
Animal Gelatin, caseinate, chitosan, whey protein 
Table 1. Some of the most used hydrocolloid in the food industry and its origin 
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3.1. IOTA CARRAGEENAN 
Iota carrageenan is a natural polymer extracted from red seaweed, particularly from 
Euchema Dentilum, one of the main species of Rhodophyceae, a class of chiefly multicellular 
algae. 
Iota carrageenan is a high molecular weight linear polysaccharide comprising repeated 
galactose units and 3,6-anhydrogalactose, both sulphated and non-sulphated, joined by 
alterning α-(1,3) and β-(1,4) glycosidic links (Imeson, A. P., 2009). The basic repeating unit is a 
disaccharide, the carrabiose (figure 1) (Nussinovitch, A., 1997). Iota carrageenan differs from 
the other main carrageenan types like lambda or kappa by 3, 6-anhydrogalactose and ester 
sulphate contents. Variations in these components influence the gel properties such as strength, 
texture, solubility and melting. In the case of iota carrageenan, the ester sulphate and 3, 6-
anhydrogalactose contents are approximately 22 % and 33 % respectively. Each disaccharide 
of iota-carrageenan contents two ester sulphate groups (Imeson, A. P., 2009). 
 
 
 
 
 
 
 
Figure 1. Carrabiose disaccharide, the basic repeating unit of the i-carrageenan 
 
The specific structure of iota carrageenan gives it some properties: 
 Forms large agglomerates or lumps at temperatures under 60 ºC. Carrageenan is 
difficult to disperse in water because a protective film layer forms around each 
carrageenan particles, and these particles then form large agglomerates or 
lumps, which are difficult for the water molecule to enter. 
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 Forms dissolutions in water at temperatures above 60 ºC with viscous behaviour. 
(Rudolph, B., 2000).  
 Interact with calcium ions to form soft, elastic gels. (Nijenhuis, K., 1997)  
These latter two properties are caused by the structure of i-carrageenan obtained after the 
addition of water and calcium ions. Janaswamy, S. and Chandrasekaran, R. (2002) study the 
effect of the water and calcium ions on the organization of iota-carrageenan structure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Stereo drawing of two mutually perpendicular views of the i-carrageenan double helix stabilized 
by interchain hydrogen bonds (dashed line). Water molecules (crossed circle) enhance structural stability 
by connecting sulfate groups to neighboring hydroxymethyl groups 
The addition of iota in hot water allows the formation of double helix structure as in figure 2. This 
structure has long and flexible chains and it is stabilized by hydrogen bonds. Consequently, the 
resultant solution has a viscous behavior.  
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On the other hand, the addition of calcium ions in the aqueous solution of i-carrageenan forms a 
structure like figure 3. Calcium ions bind to sulfate groups forming bonds between the chains. 
As a result of this structure, the final solution has a gel behavior.  
 
 
 
 
 
 
 
 
 
 
Figure 3. Stereo drawings showing pairwise interactions between i-carrageenan helices in the unit cell 
viewed normal to helix-helix separation. Hydrogen bonds and coordination bonds for calcium ions are 
dashed lines 
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3.2. GELATION MECHANISM 
The gelation mechanism used to obtain i-carrageenan gels with divalent ions is the same as 
that used for the formation of alginate gels.  
The gel formation process is started from a solution of i-carrageenan and an external or 
internal source of calcium. The calcium ion diffuses from the source of calcium to reach the 
polymer chain. As a result, binding of calcium ions with the polymer chains (fig.3) produces a 
structural rearrangement in space resulting in a material with characteristics of gel.  The degree 
of gelation depends on the hydration of iota carrageenan, calcium concentration and content of 
the polymer chains. (Funami et al., 2009) 
The external gelation process occurs by introducing the solution of i-carrageenan inside 
another, with the presence of calcium ions. Consequently, calcium ions diffusion occurs from 
the external solution to the i-carrageenan solution with neutral pH. Gel formation starts at the 
interface and moves inwardly as the surface is saturated with calcium ions. Finally, calcium ions 
interact with different polymer molecules, linking them together. (Helgerud et al., 2010) 
 
3.3. TEXTURE PROFILE ANALYSIS (TPA) 
 The international Organisation for Standarization defines the texture of a food product as all 
the rheological and structural (geometric and surface) attributes of the product perceptible by 
means of mechanical, tactile, and, where appropriate, visual and auditory receptors. The texture 
of an object is perceived by the senses of sight (visual texture), touch (tactile texture), and 
sound (auditory texture). In some products only one of these senses are used to perceive the  
products texture, and in other cases the texture is perceived by a combination of these 
senses (Lawless, H. T. and Heymann, H., 1998).  
During lot of years, large numbers of food scientists have evaluated food texture and 
improve its quality. For this reason, the development of an instrumental method for measuring 
the texture has been a very important objective in the field of the food technology. To achieve 
this, texturometer is used. 
Texturometer can be described as a unit composed by an inferior dish, a superior flexible 
arm which can move up and down compressing the sample located at the dish and/or 
penetrating into it, a deformation indicator and a sensor with a specific geometry. Different 
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geometries are used depending on the type of food and what is going to be measured, for 
example, resistance to penetration or resistance to compression.   
The texture profile analysis (TPA) tries to simulate chewing conditions and measure textural 
properties at these conditions in the mouth. During TPA, the sensor compresses the sample 
twice consecutive. Every cycle is called “bite” and, as said, its movements try to miming the 
human chewing.  
The force required for the arm in order to achieve the desired deformation is registered and 
represented in a graph force vs time. In the figure 4 we can see an example of a force vs time 
graph in a TPA. From this type of graph we can obtain five direct parameters and get other two 
parameters derivative from the firsts. All these parameters are called firmness, cohesiveness, 
springiness, adhesiveness, brittleness, chewiness and gumminess. (Fiszman, S., 2009) 
 
 
 
 
 
 
 
 
Figure 4.  Texture Profile Analysis (TPA) graph 
The definition of the textural parameters has evolved and adapted as time goes on. In the 
table 2, parameters will be defined as a universal definition (O’Callaghan, D.J. and Guinec, T. 
P., 2004). In addition, the necessary calculations to obtain the parameters from TPA graph are 
listed in the table 3 (Rosenthal, A. J., 2015). 
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Parameter Definition  
Brittleness Force necessary to break a product  
Hardness Force required to give a deformation or penetration of a product  
Springiness (or 
elasticity) 
Degree to and how quickly a substance returns to original condition after a 
force is applied 
Cohesiveness Degree to which a substance can be deformed  before it breaks 
Gumminess Effort required to disintegrate a „tender‟ product to a „swallow-ready‟ state 
Chewiness Length of time or number of chews to prepare a food to be „swallow-ready‟ 
Adhesiveness 
Work necessary to pull the plunger (or compression plate) away from the 
sample 
Table 2. Universal definition of the textural parameters 
Parameter How to obtain from TPA  
Brittleness First significant point where the force falls off 
Hardness Peak force of the first compression of the product 
Springiness (or 
elasticity) 
Length of the second compression divided by the length of the 
first compression 
Cohesiveness Area of the second bite over area of the first bite 
Gumminess Hardness x Cohesiveness 
Chewiness Hardness x Cohesiveness x Springiness 
Adhesiveness Area of the negative curve between the bites 
Table 3. How the textural parameters are obtained from the TPA graph   
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3.3.1. Experimental conditions 
    In order to obtain comparable results it is very important to keep in mind experimental 
conditions. The most influential experimental conditions for TPA are the degree of deformation 
and the relation between the size of the sample and the sensor.  The first of these conditions 
defines the type of curve to be obtained from the TPA. Therefore it influences all the 
parameters. The second determines if the test is bringing about compression or penetration. 
Degree of compression: It is important to choose the deformation applied as a function of 
the sample nature and the objective of the work. The deformation modifies the parameters 
defined in the previous part. If a big deformation is applied, we can break the sample and some 
of the parameters like springiness or cohesiveness have no sense. However, if a too low 
deformation is applied, the sample will have too few changes and results might be useless.  
Relation between the size of the sample and the sensor: If the area of the sensor is bigger 
or the same than the area of the sample, a compressive force will be apply in the sample. While 
if the area of the sensor is smaller than the area of the sample, a penetration force will be 
applied to the sample.  
Other possible experimental conditions are the deformation rate or the lubrication.  
 
3.4. RHEOLOGY 
Rheology is the science that studies the deformation and the flow of materials subjected to 
external forces. In particular, it analyses the relation between the variables stress, strain, and 
time. Based on this relation, the materials exhibit different rheological behaviour (Maestro, A., 
2002). 
Rheological properties of materials can vary from unstructured liquids, like water -which 
behaves as a liquid with a constant viscosity and deforms dissipating energy when stress is 
applied, maintaining its deformation once stress is removed, to elastic solids, as a Hooke string, 
which stores the energy applied for the stress and recovers the initial shape when stress is 
removed. In practise, intermediate behaviours are present, and materials and fluids are 
viscoelastic, i.e., they have a combination of viscous and elastic behaviour. Liquids show a 
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rheological behaviour corresponding to viscoelastic fluids. They are characterized by elastic and 
viscous properties simultaneously. Depending on their rheological behaviour, viscoelastic liquids 
differ from viscoelastic solids (Mezger, T. G., 2006). The viscoelasticity can be caused by the 
existence of very long and flexible molecules in the fluid. Moreover, it can also be due to the 
presence of solid particles dispersed in a liquid. 
The study of viscoelasticity involves relating the shear stress, deformation and time by a 
rheological equation of state. In the event that the stress and the deformation are small enough 
so that both indicators can be described over time using linear differential equations with 
constant coefficients, the material is within the linear viscoelastic range. In this range, the 
relation between the stress and deformation is only a function of time or frequency, but it doesn‟t 
depend on the magnitude of the applied stress. 
The lineal viscoelasticity behaviour can be related to the internal structure of the fluid. 
Therefore, the study of the linear viscoelasticity is very useful in order to understand the 
thickening mechanism and microstructure of the systems at a molecular level. 
Some examples of viscoelastic food fluids/solids are cream, gelatin, ice cream, etc. 
(Ramírez, J. S., 2006).  
The properties studied by rheology can be measured by rheometers, those devices allow 
subjecting the material to different conditions of controlled deformation and measuring stress or 
vice versa.  
Several tests are used to study the linear viscoelasticity behaviour of the materials. One of 
the most used characterization tests is oscillatory stress or strain sweep. This type of test allows 
to compare two materials and decide which is more elastic and more viscous. (Mezger, T. G., 
2006). 
The oscillatory test consists in applying a sinusoidal stress or strain to the material. The 
stress/strain must be of small amplitude to maintain into the linear response range. For a 
viscoelastic material, G* is the complex modulus and it is the constant of proportionality 
between the amplitudes of stress and strain. This is composed of two variables G' and G'' which 
have physical sense. G„, called storage modulus, is related to the portion of energy that is 
stored. It corresponds to the elastic behaviour of the material. While G'' or loss modulus is 
related to the energy dissipated and it corresponds to the viscous behaviour of the material. 
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3.5. LYOPHILIZATION (FREEZE-DRYING) 
Lyophilization is a dehydration process that extracts the majority of water out of a meal or 
food. It works by freezing the material and then reducing the surrounding pressure to allow the 
frozen water in the material to sublimate directly from the solid phase to the gas phase (Oetjen, 
G. W. and Haseley, P., 2004). 
Freeze-dried food has marked advantages: keeping fresh color, smell and taste; avoiding 
the loss of nutritional ingredient and the surface hardening. This type of food is completely 
dehydrated, therefore it is light in weight, easy to rehydrate, fast soluble and can be stored at 
room temperature for long time (Hua, T. C. et al., 2010). 
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4. OBJECTIVES 
The main aim of this work is the preparation and characterization of iota carrageenan 
spheres gelled by calcium ions. A secondary aim would be to find a correlation between texture 
of spheres and rheology of the bulk gel/fluid which forms that spheres, as the physical meaning 
of rheological parameters is better established. To achieve that, some specific objectives need 
to be achieved, as listed below. 
 Study of a proper method for preparation of gelled iota carrageenan spheres. 
 Development of a suitable instrumental method to study the texture of spheres, 
using TPA as a basis. It implies to obtain reproducible and reliable results. 
 Study of the effect of calcium concentration on texture of spheres and rheology of 
the bulk gels. 
 Study of the effect of iota concentration on texture of spheres and rheology of the 
bulk gels. 
 Correlation between rheology and textural parameters.  
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5. MATERIALS AND METHODS 
In the following section, materials and methods employed to achieve our objectives will be 
shown. 
5.1. MATERIALS 
5.1.1. Substances 
The substances used in the entire project are: 
 Iota-carrageenan provided by Sosa 
 Calcium Chloride anhydrous, powder, ≥97% provided by Sigma-Aldrich 
 Deionized water  
 Liquid Nitrogen 
5.1.2. Devices 
Different devices used in all the work to achieve the objective that have been proposed. 
 Stepper/Repetitive pipette HANDYSTEP from Brand 
 HAAKE MARS III Rotational Rheometer from Thermo Fisher 
 ULTRA-TURRAX T 25 basic IKA-WERKE 
 Centrifuge MIXTASEL-BL Selecta 
 Laboratory Freeze-dryer Telstar LYOQUEST 
 Analytical Balance KERN ABJ-NM/ABS-N 
 Universal hot plate magnetic stirrer RCT basic IKA 
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5.2. METHODS 
5.2.1. Solutions preparation 
Stock solution of iota carrageenan was prepared. To prepare the solution, i-carrageenan is 
weighed in an analytical balance and it is dissolved in deionized water. It is necessary to heat 
water up to 60 ºC in order to properly solve the polymer (section 3.1). The fastest form to obtain 
homogeneous solution is heating water until 60 ºC and then, iota is added slowly while mixed 
using a magnetic stirrer. Once the iota is dissolved, it is required to maintain the stirring for 2 
hours to allow the hydration of iota carrageenan. Before use, the solution is put away into the 
fridge for one day to assure a complete hydration of the polysaccharide and prevent the 
apparition of bacteria. 
Stock solutions of calcium chloride were also prepared.   
5.2.2. Spheres preparation 
To prepare the spheres by external gelation (EG) (section 3.2), a bath of 200 mL of the 
chosen calcium chloride concentration as a calcium source to induce gelation was used. In this 
bath, 50 mL of the chosen iota carrageenan concentration is dropped with the repetitive pipette 
HANDYSTEP electronic. This device allows choosing a drop volume, therefore, the size of the 
spheres can be fixed. After making the necessary spheres, they require time to react with the 
calcium of the bath. Consequently, the spheres remain inside the solution for some time. After 
this time, spheres are removed by filtration through a conventional strainer in order to 
completely separate the outer liquid for further texture analysis. 
 
 
Figure 5. Gelled iota carrageenan spheres  
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5.2.3. Texture profile analysis (TPA) 
Rheometer HAAKE MARS can be adapted to be used as a texturometer, with some 
limitations. It is capable to perform an axial compression and show the normal strength required 
for the chosen deformation of the selected sample. It is necessary to select some experimental 
conditions as in a universal texturometer, in order to obtain reproducible results.  
One of these experimental conditions is the sensor geometry used. Different sensor 
geometries can be used to analyse the sample, although for the rheometer used they are 
restricted to plates.  Smooth and rough plates are used, both of them with size of 35 mm of 
diameter. Another experimental condition is the arrangement of the spheres that will be 
analysed. The spheres may be positioned with different contact area. In addition, they can be 
distributed as a monolayer or multilayer but always ensuring a flat surface. Both of these 
conditions affect in the general condition of relation between the compressor plate and the 
sample. 
Rheometer can be adjusted to realize different distances of compression and 
decompression. These distances determine the degree of deformation of the sample, as 
distance/depth of sample. It is an important experimental condition that needs to be evaluated to 
achieve reliable and reproducible results. Finally, Rheometer allows fix a specific compression 
and decompression rate. 
All these parameters are analysed with spheres of 1 % of iota in order to obtain reproducible 
results.  
 
 
 
 
 
 
 
 
Figure 6. Left – Rheometer HAAKE MARS III. Right – Sample analysed for TPA 
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5.2.4. Preparation of iota carrageenan gels 
Iota carrageenan gels to carry rheological characterisation are prepared by the addition of 
calcium chloride stock solution to the stock solution of iota carrageenan. In order to obtain a 
homogeneous gel, Homogenizer ULTRA-TURRAX T.25 basic IKA-WERKE is used. This device 
can be used for homogenizing emulsions or suspensions that cannot be shaken by conventional 
methods. The concentration of both stock solutions depends on the spheres concentration 
searched for each case so that final concentration of iota carrageenan in the gel needs to be the 
same as the concentration of the spheres in order to be able to compare texture of spheres with 
rheology of the gel. Depending on the chosen concentrations, it will be required to change the 
speed of the homogenizer to obtain a homogeneous gel. 
As a result of this vigorous agitation, the resulting gel always contains air bubbles, which will 
be removed with centrifuge MIXTASEL-BL. 
The resulting iota carrageenan gel without the presence of air bubbles is left for 1 day for 
further rheological study 
5.2.5. Rheology (Oscillatory tests) 
Below, the rheological tests performed are described. Both tests were carried out with the 
same sensor, a 35 mm plate–plate, serrated in order to avoid slip, always taking into account 
the properties of the sample. 
Amplitude stress sweep test 
Amplitude stress sweep test was performed as a preliminary test in order to determine the 
shear stress range at which selected sample remains in the linear viscoelastic region and 
therefore the value of G* is independent of the applied  stress. The test has been carried out at 
a constant frequency of 1 Hz and for a shear stress range of 0.1 to 100 Pa. 
Frequency sweep test  
Once the linear viscoelastic region is determined by the amplitude stress sweep test, a 
stress into this region is chosen in order to carry on the frequency sweep test, in which G' and 
G'' moduli vs. frequency are displayed. Frequency range is chosen from 0.01 to 100 Hz.  
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5.2.6. Lyophilization  
A portion of the spheres prepared for TPA was lyophilized. For this, liquid nitrogen is used to 
freeze the spheres and then, they are dried under vacuum inside of the LYOQUEST at a 
temperature of -40 ºC. 
On the other hand, other group of spheres is dried under vacuum at -40 °C without the 
previous freezing of liquid nitrogen.  
Both groups of spheres are left drying for 24 hours and subsequently introduced into water 
to see how they rehydrate. 
 
 
 
  
 
 
 
Figure 7. Spheres before drying under vacuum at -40 ºC. The difference between both samples is the pre-
treatment conducted. Left spheres were not frozen with liquid nitrogen while right spheres were frozen with 
liquid nitrogen.  
 
 
 
Figure 8. Spheres after drying under vacuum at -40 ºC 
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6. RESULTS AND DISCUSSION  
In order to study the influence of chosen variables (calcium concentration and iota 
concentration) on rheology and texture, the other variables are maintained constant. These 
variables are the size of the spheres, the temperature, the deformation, the velocity of 
compression and decompression and the relation between the sensor and the sample. 
The entire project is performed at room temperature except when the rheometer was used 
(TPA and rheology), which is set at 25 ºC. 
6.1. PREPARATION OF THE SPHERES 
It has been found that the formation of spheres with a specific size is given by some 
properties like carrageenan concentration and hole syringe dispenser.  
With the aim of studying the influence of calcium, the spheres are performed with a fixed 
concentration of iota carrageenan equal to 1 % w/w and different concentrations of calcium 
equal to 0.1%; 0.5%; 1% and 2%. I-carrageenan concentration of 1 % w/w has been chosen for 
his behavior at room temperature. 
In this case, the spheres where formed with all concentrations of calcium.  
On the other hand, to study the influence of iota carrageenan in the texture of the spheres, 
these are performed by setting the concentration of calcium bath 0.5%, and using the following 
concentrations of iota carrageenan expressed in w/w %: 0.1, 0.25, 0.5, 0.75, 1, 1.25 and 1.50. 
As discussed in section 6.3, spheres obtained in a bath of calcium concentrations greater 
than 0.5 % have the same behavior. Therefore, a concentration of 0.5 % is selected in order to 
study the influence of iota carrageenan. 
Concentrations less than or equal to 0.75 % are very liquid and in contact with the calcium 
chloride bath they dissolve or do not maintain the spherical shape. While concentrations above 
1.5 % w/w are too viscous and it is not possible to make spheres with the desired size. 
Therefore, we have studied the spheres with concentrations of 1 %, 1.25% and 1.5 % of iota 
carrageenan. 
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Finally, the reaction time of the spheres in calcium solution was studied. The TPA obtained 
when spheres were maintained in the bath for 2 hours or more were the same, indicating that 
after 2 hours the reaction is completed. Hence, spheres were allowed to remain a minimum of 
two hours in the calcium solution. 
6.2. TEXTURE PROFILE ANALYSIS (TPA) 
6.2.1. Development of instrumental method 
In order to develop the instrumental method to analyze the spheres texture it is necessary to 
study the different experimental conditions. In order to achieve this, concentrations of iota and 
calcium of the spheres are fixed at values of 1 % w/w both of them.  
6.2.1.1. Degree of deformation 
The degree of deformation directly affects the entire TPA. Depending on the degree of 
deformation chosen, the parameters obtained will change. As a consequence, a TPA result has 
always to be accompanied by deformation used, as well as other experimental conditions. It has 
to be chosen in order to obtain reproducible and as large as possible results, to maximize 
sensibility of the method (Wang, C. X. et al., 2005). Therefore, the degree of deformation that 
meets these two conditions has to be determined.   
To determine this degree of deformation in the spheres, replicas have been made with 
varying degrees of deformation and the following chart was obtained. 
 
 
 
 
 
 
 
 
Figure 9. Different deformations made in the first compression of TPA, with spheres of identical 
composition and size 
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As can be seen in the figure 9, from 20 % of deformation, the values obtained are not 
reproducible. This fact is because at higher deformations of 20 %, the spheres suffer a plastic 
deformation and probably micro fractures, which are different in each case.  
6.2.1.2. Relation between the spheres sample size and the compressor plate geometry 
Arrangement of the spheres 
For the analysis of the spheres, they may be arranged in a monolayer or a multilayer. As in 
the previous case, one should check the reproducibility of the process and how it affects the 
results.  
When the spheres were arranged in multilayer, TPA were obtained in which the first 
compression had several peaks and the replicas were not reproducible. Therefore, this 
arrangement is not feasible to analyze. This is due to the behavior of the spheres. As the 
spheres are compressed, they move and slide between them differently in each case, leaving 
the plate in some cases, and consequently, the replicas are not reproducible and do not follow 
the curve of TPA established by Pons M. and Fiszman S. M. (1996). 
Once this behavior was observed, experiments were repeated arranging spheres in a 
monolayer. In this case, TPA obtained from the various replicas followed the established curve 
and were reproducible. However, it was only possible if the correct plate compressor was 
chosen. 
Type of compressor plate 
All the plates used have a diameter of 35 mm. However, the plate can be flat or serrated.  
TPA was carried out using the flat plate. In those cases, when the spheres were 
compressed, they slipped and easily escaped from the plate. As a result, the plate was left with 
nothing to compress and proper results were not obtained. 
Nevertheless, if the serrated plate was used, the spheres were fixed while the plate 
compressed them. Consequently, the TPA obtained had the correct form. All the replicas were 
similar, so they were reproducible. 
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Choice of the diameter of the spheres bulk sample  
The diameter of the monolayer of spheres was chosen to be the same than the diameter of 
the plate, that is, 35 mm. Therefore, when the plate compressed the spheres, the entire area of 
the plate was in contact with the spheres. This fact made compression the only force affecting 
the spheres. 
6.2.1.3. Compression and decompression rate 
Different compression and decompression rate have been studied and analyzed. However, 
with rates higher than used by Lupo, B. (2014), corresponds to 0.02 mm/s, the curve obtained 
does not correspond to the expected.  The only parameter that can be obtained is the hardness. 
After the first compression, the process rate is too high and the first decompression and the 
second bite not obtained. 
Once the experimental conditions for a proper TPA were fixed, influence of calcium and iota 
concentration in the texture of the spheres was studied.  
6.2.2 Influence of calcium concentration in the texture of spheres 
For this study, the concentration of iota and the total volume of spheres were fixed at values 
of 1 % w/w and 50 mL respectively. The calcium chloride bath volume was 200 mL and its 
concentration was modified from 0.1 % to 2%. 
With these spheres, the characteristic parameters of the texture were determined by the 
instrumental method developed. Consequently, the following texture profile analysis (TPA) was 
obtained. 
 
 
 
 
 
 
Figure 10. TPA from iota gelled spheres influenced by different concentrations of calcium 
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Figure 10 shows the TPA of spheres prepared using chloride baths of several 
concentrations. In this TPA, the profile of the various calcium concentrations used are shown. It 
can be observed that TPA obtained with calcium concentrations of 0.5 %, 1 % and 2 % w/w are 
similar.  
Instead, the profile corresponding to a calcium concentration of 0.1 % differs from the 
others, showing lower peaks of normal force, which indicates lower hardness. 
The table 4 shows the parameters obtained from the TPA based on calcium concentrations 
used. All the parameters are extracted and calculated as indicated in table 3. 
Three replicates were performed on each sample in order to confirm the reproducibility of 
the instrumental method and calculate the error in determining the parameters. 
Parameters 0.1 % of Ca2+ 0.5 % of Ca2+ 1 % of Ca2+ 2 % of Ca2+ 
Brittleness [N] - - - - 
Hardness [N] 0.349 ± 0.035 0.603 ± 0.044 0.667 ± 0.071 0.642 ± 0.016 
Springiness [-] 0.593 ± 0.068 0.601 ± 0.036 0.565 ± 0.032 0.671 ± 0.029 
Cohesiveness [-] 0.528 ± 0.050 0.556 ± 0.036 0.517 ± 0.032 0.564 ± 0.021 
Gumminess [N] 0.183 ± 0.009 0.336 ± 0.047 0.344 ± 0.034 0.362 ± 0.022 
Chewiness [N] 0.109 ± 0.017 0.251 ± 0.115 0.195 ± 0.033 0.243 ± 0.022 
Adhesiveness [-] 3.619 ± 0.438 2.961 ± 0.702 3.152 ± 0.120 3.067 ± 0.714 
Table 4. Textural parameters from different calcium concentrations 
To obtain a value of brittleness, sample would have to undergo more than 20 % of 
deformation. The problem of that is the reproducibility of results. As mentioned, TPA 
deformations above 20 % were not reproducible. 
It can be seen that the values are similar for the samples with 0.5 %, 1 % and 2 % w/w of 
calcium, which has already been sensed with the profile. Comparing the parameters of these 
samples with the parameters of 0.1 %, differences can be observed in hardness and logically, in 
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gumminess and chewing, both directly related to hardness, finding lower values for 0.1% [Ca2+]. 
However, springiness, cohesiveness and adhesiveness are similar to the other samples. 
In conclusion, the parameters elasticity, cohesiveness and adhesiveness are not a function 
of calcium. On the contrary, the hardness and the related parameters as gumminess and 
chewing are dependent on calcium concentration of the bath for spheres preparation, but only 
below a Ca2+ concentration.  
At calcium concentrations above 0.5 %, all parameters remain constant. It could be 
explained since this calcium concentration is not the concentration inside the spheres, but that 
of the bath preparation. It seems that some kind of saturation of spheres takes place above 
0.5%, indicating that no more calcium diffuses inside the spheres. Probably an excess of Ca2+ 
surrounding spheres prevents the diffusion of more ions inside them. On the other hand, 
concentrations of 0.1% are below this saturation limit, some kind of equilibrium between inner 
and outer Ca2+ is established with a defect of Ca2+ inside, not all the sulfated groups that could 
interact with Ca2+ do so and soft spheres are obtained.  It could the think that the excess of Ca2+ 
diffuses inside spheres and remain inert, without interacting with i-carrageenan and, therefore, 
without affecting texture. However, rheological experiments made subsequently and showed 
later in the text indicates that an excess of Ca2+ interacts with iota carrageenan disrupting the 
gel. So, we can conclude that the excess of Ca2+ remains in the solution. 
6.2.3. Influence of iota carrageenan concentration in the texture of spheres 
Likewise made in the previous section, spheres were formed modifying iota concentration 
and fixing calcium concentration at 0.5 %, as more Ca2+ becomes useless. Volumes of 50 mL of 
iota carrageenan solution and 200 mL of calcium chloride solution were used.  Subsequently, 
spheres were subjected to instrumental method in order to obtain Figure 11, which corresponds 
to the TPA. 
 
 
Preparation and characterization of iota carrageenan spheres... 31 
-0.2
0
0.2
0.4
0.6
0.8
1
0 20 40 60 80 100 120
N
o
rm
al
 F
o
rc
e 
[N
] 
time [s] 
Iota 1 %
Iota 1,25 %
Iota 1,5 %
 
 
 
 
 
Figure 11. TPA from iota gelled spheres influenced by different concentrations of calcium 
As it can be seen, higher normal forces are obtained as iota carrageenan concentration is 
increased, indicating the formation of a stronger gel, according to the formation of a more close-
grained network of interacting iota carrageenan chains. It would have been interesting to study 
the influence of higher concentrations of iota carrageenan, but as already explained it was not 
possible to prepare spheres at concentrations above 1.5%.  
As in the previous section, three replicates for each sample were made. TPA textural 
parameters are shown in table 5. 
Parameters 1 % of Iota 1.25 % of Iota 1.5 % of iota 
Brittleness [N] - - - 
Hardness [N] 0.489 ± 0.024 0.558 ± 0.035 0.863 ± 0.017 
Springiness [-] 0.591 ± 0.070 0.742 ± 0.044 0.704 ± 0.035 
Cohesiveness [-] 0.545 ± 0.037 0.664 ± 0.055 0.653 ± 0.036 
Gumminess [N] 0.266 ± 0.039 0.370 ± 0.023 0.564 ± 0.013 
Chewiness [N] 0.157 ± 0.040 0.275 ± 0.032 0.397 ± 0.023 
Adhesiveness [-] 1.587 ± 0.025 0.983 ± 0.043 1.336 ± 0.031 
Table 5. Textural parameters from different iota carrageenan concentrations 
Iota 1 % 
Iota 1.25 % 
Iota 1.5 % 
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Similarly as in the previous case, brittleness could not be determined. It can be observed 
that hardness increases with iota concentration.  
However, cohesiveness, springiness and adhesiveness values are similar in all studied iota 
carrageenan concentrations.  
Therefore, spheres are harder as iota concentration is increased. If this is more 
concentrated, its solid behavior is superior. Spheres contain more molecules of iota, which can 
be linked with more calcium ions, and, as said, a stronger network is formed 
6.3. RHEOLOGY 
In the following sections, rheological behavior of bulk gels will be studied. All rheological 
study was performed with a serrated plate-plate 35 mm diameter sensor, chosed in a previous 
section of this work.  
6.3.1. Influence of calcium concentration in the rheology of gels 
Fixing the total concentration of iota carrageenan to 1 % w/w, gels were prepared with 
several concentrations of calcium chloride. It must be noted that in this case the total calcium 
used is present inside the gel, contrary to what happened when spheres were prepared. Gels 
formed were studied by oscillatory tests mentioned in the methods section (Section 5.2.5). 
Firstly, amplitude stress sweep test was performed for all the gels prepared. The linear 
viscoelasticity range was obtained and a stress inside it was chosen for the frequency sweep 
test. Figure 12 shows an example of an amplitude stress sweep test of a gel. 
 
 
 
 
 
 
Fig. 12. Amplitude stress sweep test of bulked gel of 1% w/w i-carrageenan and 0.05 % w/v calcium 
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Figure 12 shows that G‟ and G‟‟ are constant with stress between 1 and 14 Pa, indicating 
we are in the linear viscoelastic range. From 14 Pa, the sample begins to break and 
consequently, G‟ and G‟‟ are no longer constant. 
. All the amplitude stress sweep tests are reflected in the appendix 1. 
Once the stress amplitude was chosen, frequency sweep tests were conducted and results 
are shown in figures 13 and 14.  
 
 
 
 
 
 
 
 
Figure 13. Modulus G’ of gels with different calcium concentrations 
 
 
 
 
 
 
 
Figure 14. Modulus G’’ of gels with different calcium concentrations 
In the figure 13 it can be seen that as the calcium concentration is increased, the elastic 
behavior (G`) decreases for the range of [Ca2+] tested, approaching to the values obtained in the 
absence of Ca2+.  
The modulus G‟‟ has the same trend as the modulus G‟, with decreasing calcium 
concentration, increases the viscous behavior in the range studied, however the lower value is 
obtained in the presence of 1 % of [Ca2+]. While the value obtained in the absence of Ca2+ is 
higher than 0.5 % of [Ca2+]. 
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In addition, in all samples tested, G‟ is always above G‟‟, and nearly independent of 
frequency, indicating a gel behavior. To understand this behavior in the analyzed samples, the 
figure 15 obtained from a previous study of the gels can be helpful. Although iota carrageenan is 
not exactly the same as used in this project, the ternary diagram shown can give some idea of 
how it works. 
 
 
 
 
 
 
 
Figure 15. Ternary diagram of water-iota-CaCl2 obtained from Thrimawithana, T. R. et al., (2010) 
The iota concentration used in these samples is 1 % w/w. If the diagram is used as a 
reference, it can be observed that the solutions obtained with calcium concentrations of 0.05 % 
and 0.1 % behave as gels. However, at 0.5 % and 1 % it appears to be a partial gel. With a 
calcium concentration of 0.25 %, the solution is in the region of partial gel but very close to be a 
total gel. The reference cited does not give any explanation for this behavior. 
If the frequency sweeps obtained are analyzed, rheological behavior coincide with the 
analysis of the figure 15. At large values of the elastic modulus (G‟), it can be seen that samples 
behave as gel. Samples with calcium concentrations of 0.05 % and 0.1 % have this behavior of 
gel. On the contrary, having low elastic modulus values, the samples show partial gel behavior. 
In this case, samples with high calcium concentrations show this behavior. 
The explanation for this behavior is due to the structure of iota by binding to calcium ions. 
Addition of Ca2+ induced the appearance of cross-linked structures, with the formation of 
rectangular pores. Nonetheless an excess of Ca2+ concentration had a negative impact on the 
microstructure of the i-carrageenan system. (Thrimawithana, T. R. et al., 2010). 
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Calcium ions bind to the ester sulphate groups of two adjacent molecules of iota 
carrageenan, forming structures that enable the behaviour of gel. However, we hypothesize that 
the addition of an excess of calcium prevents the formation of these structures, as a screen of 
ions forms that separate adjacent molecules and calcium ions interact with sulphate groups of 
the same carrageenan chain. 
6.3.2. Influence of iota carrageenan in the rheology of gels 
In the same way as in the previous section, the influence of iota carrageenan is studied. To 
do this, it is to set a calcium concentration of 0.1% and the concentration of iota varies. 
In the figure 16 the frequency sweep shown, after completing the necessary amplitude 
sweep and chosen the effort. 
 
 
 
 
  
 
 
 
Figure 16. Modulus G’ of gels with different iota carrageenan concentrations 
 
 
  
 
 
 
 
 
Figure 17. Modulus G’’ of gels with different iota carrageenan concentrations 
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In figure 16, the elastic component tends to increase with increased concentration of iota.  
If the results of this graph are associated with the comments in the preceding paragraph, it 
can be seen that the iota at a concentration of 1% behaves like a gel, while other solutions 
behave as a partial gel. 
Finally, in the figure 17, it can be seen that the elastic modulus (G‟) and the modulus 
viscous (G‟‟) have the same tendency. Increase as the iota concentration increases. Moreover, 
all the samples have characteristics behavior of gel because G‟ is always higher than G‟‟.  
 
6.4. CORRELATION BETWEEN SPHERES AND RHEOLOGY OF GELS 
In section 6.1 it is possible to establish that the formation of spheres with concentrations of 
iota below 0.75% is not possible. Whereas with concentrations of iota above 1% spheres were 
created, so it can be stated that whenever the concentration increase so it does their hardness 
(section 6.2.3). On the other hand, from the frequency sweep test done in the gels (section 
6.3.2), it has been achieved that at concentrations of iota carrageenan of 1%, the rheological 
parameters G' and G'' show a considerable rising, especially of the elastic component G'. 
It has to be said that the making of gels with concentrations of iota higher than 1% was tried 
but it was not possible to obtain homogeneous solutions due to the fact of the properties the gel 
acquired in touch with the calcium. Nevertheless, qualitatively it was possible to observe that an 
increase of iota carrageenan implied the fact that gel was more solid. 
Therefore, in relation to the influence of iota, it can be said that there is a certain relation 
between the rheological behaviour of the gels and the texture of the spheres. After a certain 
value of the elastic modulus G', the formation of the spheres is possible. In addition, the fact of 
increasing this value, that is, increasing the concentration of iota carrageenan, will result into 
harder iota. 
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6.5. LYOPHILIZATION 
The spheres subjected to lyophilization lost their spherical shape (figure 7) and became flat 
particles (figure 8).  
These particles are put in water to rehydrate them and see if they had recovered the properties 
prior to lyophilization.  It was found that after long time, the particles began to recover the 
spherical shape without being consistent out of solution.  
The study of lyophilization was qualitative and the only difference was noted between the 
spheres with pre-treatment with liquid nitrogen and the spheres without pre-treatment were the 
colour of the particles.  
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7. CONCLUSIONS 
 Gelled iota carrageenan spheres with the same size were obtained by external gelation 
(EG) mechanism. 
 Development of a suitable instrumental method to study the texture of the spheres, 
using TPA as a basis was properly established. Experimental conditions were studied 
and set to obtain reliable and reproducible results. 
 
Results of instrumental method developed 
 The spheres obtained in a bath of 0.5 %, 1 % and 2 % of Ca2+ concentration have the 
same textural parameters, however they are harder than spheres obtained in a bath of 
0.1 % of Ca2+ concentration. The other textural parameters are similar to baths with 
higher concentrations. It seems to indicate that above a calcium concentration 
somewhere between 0.1 and 0.5 %, saturation occurs and no more Ca2+ enters into 
the spheres, remaining in the bath. 
 An increased iota concentration in the spheres shows an increasing trend over the 
hardness value. Regarding the other textural parameters, these are similar in the three 
iota concentrations studied. It could be attributed to a tighter network formation when 
the concentration of iota carrageenan is increased, as polysaccharide molecules are 
closer. 
 
Results of oscillatory tests 
 G‟ and G‟‟ are nearly independent of frequency for all cases. This implies that the 
samples studied have quite gel behaviour. 
 The rheological behaviour of the samples tends to higher values of G‟ and G” as the 
calcium concentration decreases, indicating the formation of stronger gels. However, 
this value is much higher than that in the absence of Ca2+. It seems to indicate that 
Ca2+ promotes gelation, but an excess of Ca2+ produces a disruption of intermolecular 
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interactions due to some kind of isolation of molecules, due to an excess of charges or 
due to the fact that each Ca2+ ion interacts with sulphate groups of the same 
carrageenan molecule when an excess exists. 
 Higher values of G‟ and G‟‟ are obtained when the iota concentrations increases. 
Indicating the formation of a more developed gel, according to TPA results. 
 
 Correlation between spheres and rheology of gels 
 Regarding the influence of calcium, spheres seem have the same results in the range 
0.5-2% of Ca2+ in the bath for spheres preparation. Of course it is not the calcium 
concentration in final spheres, which is not known. When bulk gels were formed at 
several calcium concentrations, all the calcium remained in the gel, and a decrease of 
rheological parameters was obtained as [Ca2+] was increased in the range studied. 
These differences seem to indicate that some kind of saturation in spheres occurs and 
no more Ca2+ enters inside the spheres between 0.1-0.5 % and, therefore, no 
correlation can be established in the range of concentrations studied.  
 Regarding the influence of iota carrageenan, an increase in iota concentration 
produced higher values of hardness. As this trend, an increase of iota concentration in 
gels produced higher rheological G‟ and G” parameters, especially the elastic modulus 
(G`), which is characteristic of solid behaviour. Therefore, it seems that hardness 
obtained in TPA can be related with G‟ from rheology analysis. 
 No correlation was found between the rheology and other textural parameters as 
springiness, cohesiveness and adhesiveness. 
 
Lyophilization 
 The spheres under lyophilization did not recover the properties when rehydrated.  
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8. RECOMMENDATIONS 
 In order to obtain a correlation between the influence of calcium concentration in the 
textural parameters and rheology of gels, it would be interesting to extend the range to 
lower concentrations of Ca2+, in order to avoid saturation, and to study the 
concentration of calcium entering the spheres, determining, for example, the Ca2+ 
concentration remaining in the preparation bath after gelation.  
 The characteristics of iota carrageenan solutions at room temperature limits us the 
working range of concentrations, due to the high viscosity of solutions at high 
concentration of iota carrageenan. It could be solved by changing the temperature to 
obtain a wider range of concentrations 
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APPENDIX 1: AMPLITUDE STRESS SWEEP TESTS 
Figure 1. Solution of 0.05 % w/w calcium concentration and 1 % w/w iota concentration 
Figure 2. Solution of 0.1 % w/w calcium concentration and 1 % w/w iota concentration 
Figure 3. Solution of 0.25 % w/w calcium concentration and 1 % w/w iota concentration 
Figure 4. Solution of 0.5 % w/w calcium concentration and 1 % w/w iota concentration 
Figure 5. Solution of 1 % w/w calcium concentration and 1 % w/w iota concentration 
Figure 6. Solution of 0.25 % w/w iota concentration and 0.1 % w/w calcium concentration 
Figure 7. Solution of 0.5 % w/w iota concentration and 0.1 % w/w calcium concentration 
Figure 8. Solution of 0.75 % w/w iota concentration and 0.1 % w/w calcium concentration. 
Figure 9. Aqueous solution with iota carrageenan concentration of 1 % 
 
 
 
 
 
 
 
 
 
Figure 1. Solution of 0.05 % w/w calcium concentration and 1 % w/w iota concentration 
 
 
 
 
50 Zhu Dai, David 
0.01
0.1
1
10
100
0.01 0.1 1 10 100
G
' a
n
d
 G
'' 
[P
a]
 
Stress [Pa] 
G'  in Pa
G''  in Pa
0.01
0.1
1
10
100
1000
0.01 0.1 1 10 100
G
' a
n
d
 G
'' 
[P
a]
 
Stress [Pa] 
G'  in Pa
G''  in Pa
0.01
0.1
1
10
100
0.01 0.1 1 10 100
G
' a
n
d
 G
'' 
[P
a]
 
Stress [Pa] 
G'  in Pa
G''  in Pa
 
 
 
 
 
Figure 2. Solution of 0.1 % w/w calcium concentration and 1 % w/w iota concentration 
 
 
 
 
 
 
 
Figure 3. Solution of 0.25 % w/w calcium concentration and 1 % w/w iota concentration 
 
 
 
 
Figure 4. Solution of 0.5 % w/w calcium concentration and 1 % w/w iota concentration 
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Figure 5. Solution of 1 % w/w calcium concentration and 1 % w/w iota concentration 
 
 
 
 
 
 
 
 
Figure 6. Solution of 0.25 % w/w iota concentration and 0.1 % w/w calcium concentration 
 
 
 
 
 
 
 
 
Figure 7. Solution of 0.5 % w/w iota concentration and 0.1 % w/w calcium concentration 
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Figure 8. Solution of 0.75 % w/w iota concentration and 0.1 % w/w calcium concentration 
 
 
 
 
 
 
 
 
Figure 9. Aqueous solution with iota carrageenan concentration of 1 % 
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APPENDIX 2: REPLICAS OF TPA 
Figure 1. Spheres of 1 % iota concentration and 0.1 % w/w calcium concentration of bath 
Figure 2. Spheres of 1 % iota concentration and 0.5 % w/w calcium concentration of bath 
Figure 3. Spheres of 1 % iota concentration and 1 % w/w calcium concentration of bath 
Figure 4. Spheres of 1 % iota concentration and 2 % w/w calcium concentration of bath 
 
 
 
 
 
 
 
 
Figure 1. Spheres of 1 % iota concentration and 0.1 % w/w calcium concentration of bath 
 
 
 
 
 
 
 
 
Figure 2. Spheres of 1 % iota concentration and 0.5 % w/w calcium concentration of bath 
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Figure 3. Spheres of 1 % iota concentration and 1 % w/w calcium concentration of bath 
 
 
 
 
 
 
 
 
 
Figure 4. Spheres of 1 % iota concentration and 2 % w/w calcium concentration of bath 
 
 
